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Introduction {#sec1}
============

Dendritic cells (DCs) are a distinct lineage of mononuclear phagocyte, specialized in antigen presentation to T cells and the control of immunity. Multiple subtypes of DC that have distinct functions and molecular characteristics have been identified ([@bib7], [@bib19], [@bib21], [@bib33], [@bib39]). There are three major subsets of DCs: plasmacytoid DCs (pDCs), conventional DCs (cDCs), and monocyte-derived DCs (moDCs). PDCs are a distinct lineage of DCs that are more specialized for cytokine production, particularly type I interferon (IFN) production, rather than antigen presentation. CDCs within non-lymphoid tissue are composed of two major subpopulations, which are distinguished by the expression of CD103 or CD11b, migrating to lymphoid node and maintaining homeostasis in the steady state ([@bib21], [@bib33]). In the inflammatory state, monocytes can infiltrate lesion sites and develop into inflammatory myeloid DCs (mDCs) producing tumor necrosis factor (TNF)-α, interleukin (IL)-12, and IL-23 with the activation of both T helper (Th)1 and Th17 cells ([@bib19], [@bib39]). It is known from a wide range of studies that type I IFNs alone or in combination with other cytokines and growth factors such as granulocyte/monocyte colony-stimulating factor (GM-CSF) promote the differentiation and activation of DCs derived from monocytes ([@bib2], [@bib10], [@bib28], [@bib30], [@bib31]). IFN-α effectively abrogates Toll-like receptor (TLR)-induced cross-tolerance by priming chromatin to enable moDC to produce robust transcriptional responses to weak signals, leading to the immune response out of control. Furthermore, IFN-α primed moDCs (IFN-DCs) upregulate TLR7 expression and response to self-RNA, which is absent in GM-CSF-induced moDCs ([@bib22]). Therefore, IFN-DCs are considered to be critical for the pathology of autoimmune disorders such as systemic lupus erythematosus (SLE) and psoriasis ([@bib11]).

It is becoming increasingly clear that different stages of DC activation coincide with different types of cellular metabolism to satisfy the bioenergetic and biosynthetic needs of these cells ([@bib8], [@bib24], [@bib26], [@bib28], [@bib40]). Under non-inflammatory conditions, catabolic metabolism in DCs centered on mitochondrial oxidative phosphorylation (OXPHOS) is associated with cellular longevity and quiescence. Upon TLR agonists stimulation, DCs undergo a robust metabolic switch characterized by an increase in glycolysis and a progressive loss of OXPHOS signaling ([@bib8], [@bib24], [@bib26]). Pathways regulating these metabolic states have been uncovered. The conserved kinase mammalian/mechanistic target of rapamycin (mTOR) and its upstream activators phosphoinositide 3-kinase (PI3K)-Akt have been identified as central regulators promoting glycolysis and anabolic metabolism, whereas AMP Kinase (AMPK) is found antagonizing biosynthetic pathways and promoting mitochondrial biogenesis to increase mitochondrial OXPHOS ([@bib8], [@bib24], [@bib26]). Balance between mTOR and AMPK determines the TLR-induced glucose consumption, mitochondrial OXPHOS, and thereby the immunogenic properties of DC ([@bib8], [@bib24], [@bib26]).

Metabolic reprograming of DCs is particularly crucial in autoimmune responses because nutrients often change dramatically in autoimmune patients ([@bib8]). In addition to the proven epigenetic regulation ([@bib25]), cytokines, such as type I IFNs, in the self-reactive environment may also affect the metabolic state of DC, thus making it more easily activated. Emerging studies have revealed molecules and pathways involved in the aberrant activation of DC upon IFN priming. However, few studies clarify the metabolic changes in the process.

Here, we screened the change of amino acids and their derivates in DC during IFN-priming and TLR7-activating stages. In particular, the levels of spermidine decreased continuously in both processes. Meanwhile, IFN-α priming and TLR7 ligand stimulation skewed the metabolism of DC from mitochondrial OXPHOS toward glycolysis. Meanwhile, the AMPK pathway was inhibited and the mTORC1 pathway was activated. Addition of spermidine reversed the process and prevented DC activation. Mechanism study further identified that the phosphorylation sites of FOXO3 changed with the metabolic status and mediated the anti-inflammatory effect of spermidine at the transcriptional factor level. Genetic deletion of *foxo3a* weakened the function of spermidine. More importantly, supplement of spermidine alleviated the psoriasis-like symptoms and systematic inflammation in an imiquimod (IMQ)-induced psoriasis-like mouse model. Therefore, our results highlight spermidine as a key metabolite in DCs, necessary to maintain normal immune responses and treat autoimmune diseases.

Results {#sec2}
=======

Metabolomic Changes during IFN Priming and following TLR Activation of DCs {#sec2.1}
--------------------------------------------------------------------------

DCs in this paper were generated by GM-CSF cultured monocytes isolated from bone marrow, so we used "moDC" instead of the commonly used "BMDC." Previous works have reported that type I IFN induced the differentiation of DC and promoted the inflammatory function of DC in autoimmune diseases ([@bib8], [@bib40]). We also confirmed that IFN-DC produced large amounts of TNF-α and IL-6 after TLR7 ligand stimulation, whereas moDC was unresponsive ([Figure 1](#fig1){ref-type="fig"}A). Correspondingly, the expression of TLR7 mRNA was induced, significantly ([Figure 1](#fig1){ref-type="fig"}A).Figure 1Metabolomic Changes during IFN Priming and Following TLR Activation of DCsBM monocytes were cultured with GM-CSF and IL-4 for 7 days. MoDCs were sorted and treated with 2,000 U/mL IFN-α for 24 h (IFN priming).(A) The moDCs and IFN-α-primed moDCs (IFN-DCs) were stimulated with 10 μg/mL R837 for 24 h. The protein levels of TNF-α and IL-6 secreted from moDCs and IFN-DCs were detected. And the mRNA levels of *TLR7* in moDCs and IFN-DCs were detected. Data are representative of three independent experiments. Error bars represent SEM. P values were determined by two-tailed unpaired t test.(B and C) MoDCs were primed with IFN-α for 24 h. IFN-DCs were stimulated with or without 10 μg/mL R837 for 0.5, 4, or 16 h (IFN-DCs maturation). Then, moDCs and IFN-DCs were collected and the lysate was analyzed by UPLC-MS/MS. (B) Heatmap of the amino acids and their derivates changes in moDCs (n = 3). (C) Heatmap of the amino acids and their derivates changes during IFN-DC maturation (n = 3). Colors represent the levels of the metabolites from low (green) to high (red).(D) Changes of metabolic enzymes during IFN-priming stage and IFN-DC maturation stage. The expression of mRNAs was normalized to *β-actin* mRNA by calculating 2^−ΔCt^. Data are representative of three independent experiments. Error bars represent SEM. P values were determined by two-tailed unpaired *t* test \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. n.s., not significant.

To investigate the metabolic adaptations underlying both IFN priming and DC activation, we analyzed the intracellular amino acids and their derivates in GM-CSF-induced moDCs by mass spectrometry. MoDCs were cultured with IFN-α for 24 h first and then stimulated with TLR7 ligand R837 for different time points ([Figure S1](#mmc1){ref-type="supplementary-material"}). After cell lysis, proteins were digested and analyzed by ultra-performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS). Results showed that most amino acids decreased in the stage of IFN priming, whereas L-citrulline, aspartic acid, and taurine showed an increasing trend ([Figure 1](#fig1){ref-type="fig"}B). Similarly, most amino acids decreased in the TLR ligand-stimulating stage. In contrast, L-arginine and L-glutamine increased first and then decreased, whereas L-citrulline, taurine, and methionine sulfoxide dropped rapidly in 4 h and then increased ([Figure 1](#fig1){ref-type="fig"}C).

Interestingly, the derivates of L-arginine exhibited different changes in the two processes. L-arginine metabolic pathway consists of the L-arginine-nitric oxide (NO) pathway and polyamine catabolism pathway ([@bib1], [@bib16], [@bib23]). As the major components of polyamine catabolism ([@bib16]), both spermidine and spermine decreased during IFN priming and following TLR7 ligand stimulation ([Figures 1](#fig1){ref-type="fig"}B and 1C). On the contrary, L-citrulline, major metabolic intermediates of L-arginine-NO pathway ([@bib16]), increased from 4 to 16 h of TLR7 ligand stimulation. L-arginine showed no obvious change in the IFN-priming stage but increased significantly in the IFN-DC maturation stage ([Figures 1](#fig1){ref-type="fig"}B and 1C). It indicated that L-arginine was mainly directed to the L-arginine-NO pathway at the expense of polyamine synthesis. The changes in metabolic pathways may be adapted to the changes in DC function. Meanwhile, we detected the expression of enzymes ([@bib12], [@bib16]). IFN-α priming led to reduction of enzymes controlling polyamine synthesis, including arginase 1 (*Arg1*), ornithine decarboxylase 1 (*Odc1*), spermidine synthase (*Srm*), and spermine synthase (*Sms*). In contrast, *Nos2*, which catalyzes the production of NO from L-arginine, was induced by IFN-α, significantly. During TLR7 ligand stimulation, *Srm* and *Odc1* decreased, whereas *Nos2* and *Sms* increased ([Figure 1](#fig1){ref-type="fig"}D), leading to the further reduction of spermidine and increase of L-citrulline. The changes in the mRNA levels of these metabolic enzymes were consistent with changes in metabolites. Therefore, L-arginine and its derivatives might be more critical for the pro-inflammatory function of IFN-DC.

Spermidine Inhibits IFN-DC Activation {#sec2.2}
-------------------------------------

It is clear that iNOS and the production of NO could enhance the immunologic function of DC by influencing the metabolism of pathogenic microorganisms ([@bib26]). However, the function of polyamine on DC, especially for IFN-DC, is still unclear. Spermidine was chosen for further study as it decreased most significantly, compared with other polyamines. To investigate the effect of spermidine on IFN-DC activation, moDCs were cultured with IFN-α for 24 h and then stimulated with R837, together with spermidine or not, for another 24 h. The survival of IFN-DC was not affected at the indicated concentration of spermidine ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Compared with control, addition of spermidine led to the reduction of 61.5%, 66.8%, and 72.4% in the expression of TNF-α, IL-6, and IL-12/23 p40, respectively ([Figure 2](#fig2){ref-type="fig"}A). In line with this, the expression of major histocompatibility complex (MHC) II and co-stimulatory molecules CD86 and CD40 was also suppressed by spermidine, showing that their mean fluorescence intensities decreased by 51.7%, 30.4%, and 12.3%, respectively ([Figure 2](#fig2){ref-type="fig"}B). On the contrary, blocking the synthesis of spermidine by using difluoromethylornithine (DFMO) augmented the activation of moDCs ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Moreover, spermidine exerted inhibitory effects not only in the TLR-stimulating stage, but also in the IFN-priming stage. Addition of spermidine during IFN priming inhibited the expression of TLR7, TNF-α, and IL-6 ([Figures S2](#mmc1){ref-type="supplementary-material"}C and S2D). Therefore, spermidine is a negative regulator of IFN-DC activation.Figure 2Spermidine Inhibits IFN-DC ActivationBM monocytes were cultured with GM-CSF and IL-4 for 7 days. MoDCs were sorted and treated with 2,000 U/mL IFN-α for 24 h, and then the IFN-DCs were stimulated with 10 μg/mL R837 in the presence or absence of spermidine (SPD) for 24 h.(A) The protein levels of TNF-α, IL-6, and IL-12/23 p40 (n = 3).(B) Flow cytometry analysis of MHCII, CD80, and CD40 (n = 3). Data are representative of three independent experiments. Error bars represent SEM. P values were determined by two-tailed unpaired t test \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

Besides, we also detected the function of spermidine during other TLR ligands stimulation. Interestingly, it inhibited the CpG activation of moDC but had little effects on LPS activation ([Figure S2](#mmc1){ref-type="supplementary-material"}E). Thus, its function varied with stimulus.

Spermidine Enforces Metabolic Quiescence in IFN-DCs {#sec2.3}
---------------------------------------------------

Functional changes are often accompanied by changes in intracellular metabolism. We next assessed the consequences of increasing spermidine availability on IFN-DC metabolism. MoDCs were cultured with IFN-α for 24 h and then stimulated with R837, together with spermidine or not, for another 24 h. Then, we measured the extracellular acidification rate (ECAR, an indicator of glycolysis) and oxygen consumption rate (OCR, an indicator of OXPHOS) ([Figure 3](#fig3){ref-type="fig"}A). Compared with moDCs, IFN-DCs exhibited increased glycolysis and diminished OXPHOS. TLR7 ligand stimulation further enhanced glycolysis. On the contrary, spermidine supplement restrained the glycolytic flux obviously ([Figures 3](#fig3){ref-type="fig"}A and 3B). Oxygen consumption also increased slightly upon spermidine treatment, although there was no statistically significant difference.Figure 3Spermidine Enforces Metabolic Quiescence in IFN-DCsBM monocytes were cultured with GM-CSF and IL-4 for 7 days. MoDCs were sorted and treated with 2,000 U/mL IFN-α for 24 h, and then the IFN-DCs were stimulated with 10 μg/mL R837 in the presence or absence of spermidine (SPD) for 24 h.(A) The extracellular acidification rate (ECAR) (left) and oxygen consumption rate (OCR) (right) were detected (n = 4).(B) Statistics of glycolysis and maximum OCR are shown (n = 4). Data are shown as mean ± SEM. P values were determined by two-tailed unpaired t test \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. n.s., not significant.(C) MoDCs or IFN-DCs were treated with IFN-α, R837, or R837 and spermidine for the indicated times, respectively. The levels of protein were analyzed by immunoblot. β-ACTIN was used as the internal loading control. Data are representative of three independent experiments.

To study the mechanisms causing the metabolic status changes in moDCs and IFN-DCs, we analyzed critical pathways regulating glycolysis and mitochondrial OXPHOS. In the IFN-priming stage, the phosphorylation levels of AMPK and RAPTOR decreased, whereas the phosphorylation of eukaryotic initiation factor 4E (eIF4E)-binding protein 1 (4EBP1) increased, corresponding to the diminished OXPHOS and elevated glycolysis ([Figures 3](#fig3){ref-type="fig"}A--3C). In the TLR7 ligand stimulating stage, the phosphorylation levels of AMPK and RAPTOR continued to decline, whereas the phosphorylation of 70 ribosomal protein S6 kinase (S6K) and 4EBP1, two signaling transducers downstream mTORC1, were induced ([Figure 3](#fig3){ref-type="fig"}C). On the contrary, addition of spermidine promoted the activation of AMPK and RAPTOR regardless of the existence of TLR7 ligand stimulation. Meanwhile, spermidine hampered the activation of S6K and 4EBP1 in the presence of R837. Therefore, spermidine activates the AMPK pathway and inhibits the mTORC1 pathway in IFN-DCs.

FOXO3 Mediates the Anti-inflammatory Effect of Spermidine {#sec2.4}
---------------------------------------------------------

To clarify the critical transcription factor mediating the anti-inflammatory effect of spermidine, IFN-DCs were cultured with R837, together with or without spermidine, for 18 h. RNA sequencing analysis showed that genes enriched in autoimmune diseases and inflammatory responses were suppressed by spermidine ([@bib32]), supporting the anti-inflammatory roles of spermidine in IFN-DCs ([Figure S3](#mmc1){ref-type="supplementary-material"}). Notably, genes in the JAK/STAT pathway and the NF-κB pathway were inhibited by spermidine. As a result, the pro-inflammatory cytokines, including *IL-1β*, *IL-12a*, *IL-12b (IL-12/23 p40)*, *IL-6* and *IL-23a*, decreased obviously upon spermidine treatment ([Figure 4](#fig4){ref-type="fig"}A). It has been widely accepted that spermidine is a potent autophagy inducer. So, the genes enriched in phagosome pathway were induced by spermidine in IFN-DC ([Figure 4](#fig4){ref-type="fig"}A). More importantly, we found that the FOXO pathway, which was reported coordinating autophagy, metabolism, and energy homeostasis, was activated by spermidine, whereas it was inhibited by TLR ligand stimulation ([Figure 4](#fig4){ref-type="fig"}A).Figure 4FOXO3 Mediates the Anti-inflammatory Effect of Spermidine(A) IFN-DCs were cultured with R837, together with or without spermidine (SPD) for 18 h. Cells were collected and the mRNA expression was detected by RNA-seq (n = 3). Changed genes enriched in JAK/STAT, NF-κB, phagosome, and FOXO pathways are shown.(B) MoDCs were treated with IFN-α for 30 or 60 min. IFN-DCs were treated with R837 or R837 and spermidine for 30 or 60 min. The levels of proteins were analyzed by immunoblot. β-ACTIN was used as the internal loading control. Data are representative of three independent experiments.(C) MoDCs were treated with IFN-α for 18 h. IFN-DCs were treated with R837 or R837 and spermidine for 18 h. Then, cells were collected, separated into nuclear and cytoplasmic fractions, and analyzed by immunoblot. LaminB and α-Tubulin were used as loading controls. The nuclear/cytoplasmic ratios were calculated by (nuclear FOXO3/LaminB)/(cytoplasmic FOXO3/α-Tubulin). Data are representative of three independent experiments. Error bars represent SEM.(D) The levels of TNF-α, IL-6, and IL-12/23 p40 released by WT and *Foxo3*^*−/−*^ IFN-DC stimulated with 10 μg/mL R837 in the presence or absence of spermidine for 24 h (n = 3). Data are representative of three independent experiments. Error bars represent SEM. P values were determined by two-tailed unpaired t test, \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001. n.s., not significant.

The FOXO transcription factors (FOXO1, FOXO3, FOXO4, and FOXO6) are involved in a wide range of cellular processes. Among them, FOXO3 is particularly important for metabolic adaption and immune response ([@bib20]). FOXO3 is tightly regulated by the metabolic state of the cell. Under conditions of high glucose, AKT phosphorylates FOXO3 at three conserved residues, Thr32, Ser253, and Ser315. This leads to FOXO3 binding to 14-3-3, exposure of the nuclear localization signal, transporting to the cytosol and being degraded, causing reduced expression of FOXO3 target genes ([@bib42]). When ATP is low, FOXO3 is phosphorylated by AMPK at Ser413 and exhibits increased activity ([@bib14], [@bib42]). *Foxo3a*-deficient DCs express higher levels of proinflammatory cytokines ([@bib6], [@bib14], [@bib15], [@bib36], [@bib42]). For these reasons, we hypothesized that FOXO3 might be the critical transcriptional factor in the process.

To test our hypothesis, moDCs were stimulated with IFN-α and IFN-DCs were stimulated with R837, together with spermidine or not. The phosphorylation levels of AKT and FOXO3 were detected. On the one hand, AKT was activated by IFN priming and TLR ligand stimulation, whereas the activation was hampered by spermidine ([Figure 4](#fig4){ref-type="fig"}B). Then, activated AKT phosphorylates FOXO3 at Ser253, whereas it was suppressed by spermidine ([Figure 4](#fig4){ref-type="fig"}B). On the other hand, the activated form of FOXO3 phosphorylated at Ser413 decreased during IFN priming, accompanied by suppressed AMPK signaling ([Figures 3](#fig3){ref-type="fig"}C and [4](#fig4){ref-type="fig"}B). By contrast, spermidine restored the activity of AMPK pathway and induced increased phosphorylation levels of FOXO3 at Ser413 in the presence of R837 ([Figures 3](#fig3){ref-type="fig"}C and [4](#fig4){ref-type="fig"}B). Therefore, spermidine induced the activated form of FOXO3 (p-FOXO3 at Ser413) and reduced the inactive form of FOXO3 (p-FOXO3 at Ser253) during IFN-DC activation ([Figure S4](#mmc1){ref-type="supplementary-material"}A and S4B). The end result was that spermidine caused FOXO3 to localize in the nucleus where it was active, as we demonstrated by separating the cytoplasmic and nuclear fractions of DCs, and finding that spermidine increased the amount of FOXO3 in the nucleus ([Figure 4](#fig4){ref-type="fig"}C). Finally, the activation of NF-κB was suppressed by spermidine ([Figure 4](#fig4){ref-type="fig"}B).

To verify that FOXO3 mediates the anti-inflammatory effect of spermidine, moDCs derived from WT or *Foxo3a*-deficient mice were primed with IFN-α for 24 h, and then cultured with R837, together with or without spermidine for 24 h, respectively. The knockout efficiency has been confirmed ([Figure S4](#mmc1){ref-type="supplementary-material"}C). Compared with control, *Foxo3a*-deficient IFN-DCs showed higher expression levels of TNF-α, IL-6, and IL-12/23 p40. Addition of spermidine led to a reduction of 63.8%, 72.6%, and 70.8% in the expression of TNF-α, IL-6, and IL12/23 p40 in wild-type IFN-DCs, whereas only 18.8%, 26.9%, and 16.1% reduction were detected in *Foxo3a*^*−/−*^ IFN-DCs, respectively ([Figure 4](#fig4){ref-type="fig"}D). Thus, the anti-inflammatory effect of spermidine was greatly weakened in *Foxo3a*^*−/−*^ IFN-DCs.

Taken together, FOXO3 adapts to metabolic changes in DCs by changing phosphorylation levels at different sites and ultimately mediates the anti-inflammatory effect of spermidine.

Administration of Spermidine Ameliorates the Pathological Phenotype of IMQ-Induced Psoriasis-like Mice {#sec2.5}
------------------------------------------------------------------------------------------------------

Psoriasis is one of the most common immune-mediated chronic inflammatory skin disorders with high levels of IFN-α production and infiltration of moDCs in skin plaque in the early stage ([@bib17], [@bib34], [@bib35]). The role of type I IFNs and TLR7 has been studied more extensively in IMQ-induced psoriatic mice model than in other autoimmune disease models. TLR7 is essential for the full progression of psoriasis during the 6 days induction, whereas the type I IFNs are largely independent of plaque formation ([@bib38]). However, auto- and paracrine signals via type I IFN are essential to mediate the innate systemic proinflammatory cytokine response after topical IMQ application, as induction of the early systemic proinflammatory cytokines IFN-α, IL-22, and IL-6 was found significantly lower in *IFNAR*^*−/−*^ mice ([@bib38]). The synergistic effect of IMQ and IFN-a was proven to cause the activation of moDCs, leading to the production of TNF-a, IL-6, and IL-23 required for Th17 differentiation ([@bib37]). Therefore, the regulation of spermidine on the function of IFN-DC *in vivo* can be evaluated by detecting skin plaque formation and systematic inflammation including splenomegaly and cytokine production in serum.

Repetitive application of IMQ onto wild-type mouse skin led to psoriasiform inflammation with significant thickening, redness, and scaling caused by keratinocyte hyperproliferation and leukocyte infiltration into the skin ([Figures 5](#fig5){ref-type="fig"}A--5C). High levels of IFN-α were detected as early as 8 h post first IMQ application when the mRNA levels of TLR7 remained low 2 days after induction ([Figure S5](#mmc1){ref-type="supplementary-material"}A and S5B). The result that expression of TLR7 was significantly induced in dermal moDCs 4 days after induction suggests that the skin lesion sites might experience a local IFN-α priming process. By contrast, mice injected intraperitoneally with spermidine showed less skin inflammation, exhibiting less thickening, redness, and scaling ([Figures 5](#fig5){ref-type="fig"}B and 5C). The induction of TLR7 was also suppressed by spermidine ([Figure S5](#mmc1){ref-type="supplementary-material"}C). Hematoxylin and eosin (H&E)-stained back skin and ear sections from spermidine-treated mice displayed a reduction in epidermal and dermal thickness during the course of disease ([Figures 5](#fig5){ref-type="fig"}D and 5E). On day 6, the peak of psoriasis-like changes, we observed that the splenomegaly of mice in the spermidine-treated group was much less obvious than that in the control group ([Figure S6](#mmc1){ref-type="supplementary-material"}A). In line with this, reduced mRNA levels of *IL-23a*, *TNF-α*, *IL-6*, and *IL-17a* were observed in the skin lesions of the spermidine-injected mice ([Figure 5](#fig5){ref-type="fig"}F). Notably, we found that the levels of IL-23, TNF-α, IL-6, and IL-17A in serum were inhibited by spermidine in the early stage ([Figure 5](#fig5){ref-type="fig"}F).Figure 5Administration of Spermidine Ameliorates the Pathological Phenotype of IMQ-Induced Psoriasis-like Mice(A) Schematic diagram for IMQ application and intraperitoneal administration of spermidine (SPD).(B) Phenotypic presentation of skin lesions of representative mice on day 6 (n = 5).(C) Increase in back skin redness and scaling (n = 6).(D) Representative H&E-stained sections of the back skin and ear on day 6 are shown. Magnification 100× (scale bars represent 100 μm).(E) Skin epidermal (upper left) and epidermal plus dermal thickness (lower left), and ear epidermal (upper right) and epidermal plus dermal thickness (lower right) (n = 4).(F) The mRNA expression of *IL-23a*, *TNF-α*, *IL-6*, and *IL-17a* in skin plaque on day 4 and the protein levels of IL-23, TNF-α, IL-6, and IL-17A in serum on day 2 (n = 5). The expression of mRNA was normalized to *β-actin* mRNA by calculating 2^−ΔCt^.(G) Statistical data of the skin infiltration of moDCs (CD45^+^MHCⅡ^+^Ly6C^−/lo^CD64^−^CD11c^+^CD11b^+^), neutrophils (CD45^+^Ly6G^+^), γδT cells (CD45^+^CD3^+^γδTCR^+^), and IL-17A^+^ γδT cells (CD45^+^CD3^+^γδTCR^+^IL-17A^+^) (n = 5). Each dot represents a mouse. Data are representative of three independent experiments and shown as mean ± SEM. P values were determined by two-tailed unpaired t test. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001.

To further determine the inflammatory cell infiltration in dermis from the spermidine-treated or control groups, we obtained dermal single-cell suspensions and analyzed the percentages of different immune cell subsets. Results demonstrated that the percentages of CD45^+^ immune cells, including moDCs (CD45^+^MHCⅡ^hi^Ly6C^−/lo^CD64^−^CD11c^+^CD11b^+^), neutrophils (CD45^+^Ly6G^+^), and IL-17^+^γδT cells (CD45^+^CD3^+^ γδTCR^+^IL-17A^+^), reduced in the dermis of the spermidine-treated group ([Figures 5](#fig5){ref-type="fig"}G and [S7](#mmc1){ref-type="supplementary-material"}). Similarly, the number of splenocytes, including ly6C^hi^ monocytes, macrophages, neutrophils, B cells, pDCs, CD8α^−^ cDCs, CD4^+^ T cells, and CD8^+^ T cells, decreased in the spermidine-treated group after IMQ application ([Figures S6](#mmc1){ref-type="supplementary-material"}B and S6C). Therefore, spermidine can prevent the immunopathological changes in psoriasis and effectively ameliorate disease severity.

IFN-DC Participates in the Anti-Psoriasis Process of Spermidine {#sec2.6}
---------------------------------------------------------------

To address that the role of spermidine is IFN-DC intrinsic, we used antibody-mediated depletion of monocytes in mice ([Figure 6](#fig6){ref-type="fig"}A). The available antibodies allowed us to deplete Ly6C^hi^ monocytes plus neutrophils or neutrophils alone effectively ([Figure S8](#mmc1){ref-type="supplementary-material"}A). Depleting neutrophils alone had little effect on the inflammatory response and psoriasis progression ([Figures 6](#fig6){ref-type="fig"}B--6E), which was consistent with previous report ([@bib34]). The additional depletion of Ly6C^hi^ monocytes led to a loss of peripheral circulating monocytes and was accompanied by a significant decrease in redness, scaling, and epidermal and dermal thickness ([Figures 6](#fig6){ref-type="fig"}B--6E), as well as protein levels of inflammatory cytokines, including IL-23, TNF-α, IL-6, and IL-17A ([Figure 6](#fig6){ref-type="fig"}F). More importantly, there was no difference in the severity of psoriasis-like skin inflammation between IMQ-painted control mice (Anti-Gr1+IMQ) and spermidine-treated mice (Anti-Gr1+IMQ + SPD) after Ly6C^hi^ monocytes depletion, as they showed a similar decrease in epidermal and dermal thicknesses ([Figures 6](#fig6){ref-type="fig"}D and 6E). The difference in protein levels of IL-23, TNF-α, and IL-17A disappeared ([Figure 6](#fig6){ref-type="fig"}F). Meanwhile, there was no difference in the numbers of splenic macrophages, neutrophils, and CD4^+^ T cells between control (Anti-Gr1+IMQ) and spermidine-treated mice (Anti-Gr1+IMQ + SPD) after monocyte depletion ([Figure S8](#mmc1){ref-type="supplementary-material"}B). And the gaps in the different numbers of splenic B cells, pDCs, CD8α^−^ cDCs, and CD8^+^ T cells also narrowed. The fact that depletion of monocytes eliminated the difference in the therapeutic effect of spermidine on the development of psoriasis suggests that the function of spermidine is partially IFN-DC dependent.Figure 6IFN-DC Participates in the Anti-Psoriasis Process of Spermidine(A) Schematic diagram for IMQ application and depletion of neutrophils alone (Anti-Ly6G) or monocytes plus neutrophils (Anti-Gr1) in mice.(B) Phenotypic presentation.(C) Increase in redness score and scaling score (n = 5).(D and E) (D) H&E staining of skin lesions of representative mice on day 5. Magnification 100× (scale bars represent 100 μm). (E, upper) Skin epidermal and epidermal plus dermal thickness, and (lower) ear epidermal and epidermal plus dermal thickness on day 5 (n = 4).(F) The protein levels of IL-23, TNF-α, IL-6, and IL-17A in serum (n = 5). Each dot represents a mouse.All data are representative of three independent experiments and shown as mean ± SEM. P values were determined by an unpaired t test or two-way ANOVA. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, n.s. not significant.

Taken together, these results indicate that spermidine changes the metabolic status of DC by regulating key metabolic pathways, thereby affecting the autoimmune response *in vivo*, suggesting a treatment strategy for IFN-DC-related autoimmune diseases, including psoriasis and SLE ([Figure 7](#fig7){ref-type="fig"}).Figure 7Regulation ModelIFN priming results in reduced spermidine, accompanied by increased glycolysis and decreased oxidative phosphorylation, facilitating DC responding to weak signal. TLR7 ligand stimulation further aggravates the metabolic shift. Addition of spermidine restrains the process and prevents DC from overactivation in autoimmune disease. The transcription factor FOXO3 adapts its activity to the metabolic change and mediates the anti-inflammatory effect of spermidine by altering phosphorylation levels at different sites.

Discussion {#sec3}
==========

In this study, we investigated amino acid metabolism by screening changes in amino acids and their derivates during IFN priming and TLR7 agonist treatment. Among changed amino acids, L-arginine and its derivatives were particularly important. IFN priming led to decreased spermidine. TLR7 agonist exacerbated the change. Spermidine supplement enforced metabolic quiescence in IFN-DC and reduced the IFN-DC production of pro-inflammatory cytokines *in vitro* and *in vivo*. Administration of spermidine ameliorated the pathological phenotype and systematic inflammation of IMQ-induced psoriasis-like mice, suggesting the spermidine metabolism pathway could be considered as a target for autoimmune disease treatment.

IFN-α promotes the induction of immune responses, including auto-reactive responses. It was found promoting the chromatinic opening of inflammatory NF-κB target genes, thereby potentiating TNF function ([@bib25]). By inducing increased fatty acid oxidation (FAO) and OXPHOS, type I IFNs facilitate full pDC activation ([@bib40]). Here, we observed that IFN priming led to the reduction in spermidine level by suppressing the expression of enzymes involved in polyamine metabolism. As a result, DCs become sensitive to weak signals, such as self-RNA complexes. Therefore, the effect of IFN-α on polyamine metabolism might be a different mechanism by which it promotes autoimmune responses.

*Tlr7*^*−/−*^ mice were found to have obviously improved symptoms during a 6-day induction by IMQ ([@bib10], [@bib37]), suggesting an indispensable role for TLR7 in the IMQ-induced psoriatic mice model. The function of spermidine on the improvement of pathological plaque formation may indicate its suppression of TLR7 activation in moDCs. Significant elevation of IFN-α was detected 8 h after IMQ application, whereas the mRNA levels of *TLR7* were induced on day 4 ([Figure S5](#mmc1){ref-type="supplementary-material"}). Thus, the inhibitory effects of spermidine on TLR7 expression and systematic inflammatory cytokine production may suggest its dual inhibition of both IFN priming and TLR7 activation, inferred from previous reports. Moreover, spermidine exerting its protective effects is more likely through IFN-DC, as antibody deletion of moDC reduced the differences in symptoms and cytokines between the control group and spermidine-treated group. However, our study did not rule out the possibility that it works by acting on other cell subsets.

FOXO3 has been reported to be closely related to inflammatory cytokine production and autoimmune diseases and to limit the inflammatory sequelae of viral infections. A noncoding polymorphism in *Foxo3a* (rs12212067: T \> G) was identified at which the minor (G) allele, despite not being associated with disease susceptibility, is associated with a milder course of Crohn\'s disease and rheumatoid arthritis and with an increased risk of severe malaria ([@bib14]). Notably, *Foxo3a* was found to be a susceptibility gene of psoriatic patients ([@bib27]), strengthening the critical role for FOXO3 in autoimmune diseases. We demonstrated that spermidine was an activator of FOXO3. Fine-tuning spermidine level will help improve many autoimmune symptoms caused by FOXO3 dysfunction. Differently, the degradation of FOXO3 was reported to protect CD8^+^ DC from oxidative stress in non-obese diabetic mice, indicating that FOXO3 may play different roles in different DC subsets or autoimmune diseases ([@bib9]). More in-depth disease model study by using foxo3a conditional knockout mice will help clarify these questions. Besides, the NF-κB pathway might also be involved in the regulation, as both RNA sequencing and immunoblots supported that the NF-κB pathway was inhibited in spermidine-treated groups.

Spermidine displays pleiotropic effects that include anti-inflammatory properties, antioxidant functions, and enhancement of mitochondrial metabolic function and respiration, as well as improved proteostasis and chaperone activity ([@bib10], [@bib18], [@bib23], [@bib29]). Polyamine biosynthesis modulates mitochondrial metabolism through eIF5A hypusination, induces efficient expression of some mitochondrial enzymes, and facilitates OXPHOS-dependent macrophage alternative activation without affecting aerobic glycolysis-dependent macrophage classical activation. We also noticed that spermidine supplement led to the trend of increasing OXPHOS in IFN-DC during R837 stimulation ([Figure 3](#fig3){ref-type="fig"}A). Since the metabolic regulation varies by cell and microenvironment, the different regulation of polyamines on glycolysis may be due to different cell types. Spermidine supplement alleviates experimental autoimmune encephalomyelitis through inducing inhibitory macrophages ([@bib41]), supporting the protective role of spermidine in autoimmune disease. Differently, spermidine could directly improve the generation and function of memory lymphocytes, favoring the chemotherapeutic efficiency against autophagy-competent cancers ([@bib18]). Here, we highlight its critical role in IFN-related autoimmune diseases. Consistent with this, spermidine and spermine in plasma of patients with SLE and fever were found to be decreased ([@bib13]).

Generally, metabolite levels can be influenced without genetic manipulations, offering the possibility for therapeutic applications. Given the importance of polyamine metabolism during infection, cancer, and autoimmune diseases, there is a clinical need for approaches to modify it. The verified mechanism for spermidine function in DC provides a way to alter the immunometabolism. Additionally, our dataset on the dynamics of the amino acids and polyamines during the IFN-priming and activation of DCs constitute a framework for future studies addressing the complex interplay between metabolism and cellular functions.

Limitations of the Study {#sec3.1}
------------------------

In this study, we demonstrated that intraperitoneal injection of spermidine alleviated the progression of psoriasis. To verify that spermidine functions by acting on moDCs, we adopted the strategy of antibody-mediated monocyte depletion *in vivo* and found that there was almost no significant difference between control and spermidine-treated groups, indicating that spermidine might function through moDCs. However, our study did not rule out that spermidine worked by acting on other cells. Besides TLR7 ligand stimulation, we also tested other TLR ligand stimuli. We found that spermidine could inhibit the activation of moDCs by TLR9 ligand stimulation, whereas TLR4 ligand stimulation was not affected. Further study will help to clarify why the function of spermidine varies with the type of stimulus.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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